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Abstract. There is much information about the concentrations and emissions of ammonia in livestock production facilities in Europe and North America; examples of best and worst practice have been identified in terms of building design and environmental management. Numerically, cattle are the largest source of ammonia emissions, while the ammonia concentration in swine and poultry buildings is much higher than in cattle sheds.
In this paper, we review the grounds for concern over ammonia and question whether current guidelines and limits are sufficient to protect farmers, livestock and the environment. Firstly, epidemiological studies of worker health have shown that swine, and to a lesser extent, poultry workers experience occupational respiratory disease in which chronic ammonia exposure may play a part: current occupational exposure limits for ammonia are probably too high and should be revised downwards. Secondly, the scientific evidence that ammonia exposure affects animal health and performance is less convincing -though this is contrary to the empirical wisdom of veterinarians and farmers -and the guidelines are correspondingly unclear. A new guideline is provided from preference studies that show that pigs and chickens avoid ammonia concentrations above 10 ppm. Overall, only tentative guidelines for ammonia concentration can be proposed on the grounds of animal health, performance and welfare. Finally, as a result of international protocols, e.g. the UNECE convention on the long-range transport of air pollutants, individual
Introduction
Until recently, the physical environment of housed livestock was managed primarily to control environmental temperature and, in the case of poultry, light. This is achieved by manipulation of ventilation rates in a well-insulated building with a high stocking density. However, in the 1980's concern was expressed that the air quality in a livestock building might affect adversely farmers, livestock and the countryside (or rural environment) by various mechanisms. Partly as a result of this concern and partly because the major questions had been answered, agricultural engineers and animal scientists turned their attention from energy metabolism and the thermal environment to air quality. This topic has proved less tractable than at first conceived because (i) no single gaseous or particulate pollutant can be considered to represent all pollutants; (ii) the biological mechanisms are complex and cannot be reduced to unifying concepts such as the Laws of Thermodynamics; and (iii) control and abatement systems including sensors are not readily available.
Targets for environmental temperature for the various classes of livestock are well established. There is a similar need for air quality and here we consider how targets can be set for ammonia concentrations in, and emissions from, livestock buildings. Ammonia is the obvious exemplar because of the breadth and depth of knowledge about its importance, rôles and control. Targets can be expressed in terms of quantitative guidelines and limits for both ammonia concentration and emission. Guidelines are treated as voluntary and indicate somewhat crude expressions of concern; they may be published or set in quality assurance schemes and codes of best practice established by advisory bodies, retailers and producers, for example. Limits, on the other hand, are often statutory and only imposed by governments once incontroversial evidence has accumulated.
In this paper, we catalogue ammonia concentrations and emissions in livestock buildings, examine the reasons for concern over ammonia, and review and revise existing guidelines and limits. The sources of information are mainly the United States of America and the United Kingdom but the conclusions should apply in whichever country livestock are housed. We show where there is common agreement and where further work is needed before clear recommendations can be made to policy makers, farmers, animal scientists and agricultural engineers.
Ammonia Concentrations and Emissions in Livestock Buildings
Much is known about ammonia concentrations and emissions in cattle, pig and poultry buildings: both were measured in a pan-European survey using common techniques (Groot Koerkamp et al, 1988) , for example. In each country, four buildings representative of a particular design and/or management were surveyed over 24 h during winter and summer. The results are shown in Table 1 . Most European countries have compiled detailed national inventories of ammonia emissions. Table 2 gives the national ammonia inventory for the UK (Misselbrook et al. 2000) . Typically, cattle are the largest emitter at approximately 44%, with poultry and pigs emitting 14% and 9%, respectively. Housed livestock and spreading each account for 28 and 30% respectively of the total emission while grazing and storage account for 15 and 5% respectively. 
Total for UK 320
Most European countries will have to make significant reductions in total ammonia emission in order to achieve the national ammonia ceiling by 2010. The most obvious method to reduce ammonia emissions is by reducing the nitrogen input through the feed, i.e. reducing the protein content of the diet to the optimum level where no reduction in growth occurs. Successful experiments with pigs and poultry have shown that compared to traditional commercial diets, 50% reductions in ammonia emissions can readily be achieved. However, the inclusion of synthetic amino acids in the diet is currently too expensive. Therefore, the reduction in ammonia emission by manipulation of the diet is restricted to approximately 20-30% (Kay and Lee, 1997; Robertson et al., 2002) .
Other measures are invariably aimed at reducing the contact time and/or surface area between manure and air. This is achieved by a wide variety of methods depending on the sector of the livestock industry involved. Covering slurry stores, air scrubbing techniques for ventilated air and low emission spreading techniques, such as injection or trailing shoes, are generally applicable.
Research in the Netherlands (Zeeland, 1997) has shown that reducing the contact area of slurry with air inside a piggery by using a novel pen and slurry pit design can also reduce the emission of the house significantly. For the poultry industry, drying faeces on belts has proved to be a good method to prevent ammonia emissions. All methods to reduce the ammonia emission will have to be assessed within the wider context of nitrogen flow and use on farms. An example of this is the "Hercules" initiative in the Netherlands, where a systems approach has led to a new concept for a piggery. The outputs from the piggery are a dried composted manure and a low ammonia and odour emission. Inevitably, the energy inputs to this concept are higher and will have to be off-set against potential savings from selling the dried manure.
Compared with most Western European countries, the United States has meagre information for an emission inventory for ammonia and other noxious gases, particulates and odors from animal feeding operations (AFOs). Furthermore, the limited emission data are based on discrete, short-term (e.g. 1-day) sampling of the AFO sources (Ni et al., 2000; Zhu et al., 2000) . Consequently, data from European studies are often cited as the reference for estimating AFO emissions in the United States. A recent comprehensive report released by the National Academy of Science (2003) points out that emission values for AFOs under different housing types, management schemes, rations, or climatic conditions may not be readily transferable. Large variations in emission rates or factors can exist among seemingly identical houses on the same farm. Climatic changes throughout the day and the season further lead to variability in the substance concentration and emission rate. Hence, a reasonably large number of AFO facilities under the country-specific production conditions must be monitored over an extended period to establish a credible emission inventory. To this end, two major national AFO emission projects involving multi-disciplinary and multi-institutions are currently in progress in the United States. The projects involve 12 laying hen houses (in Iowa, Pennsylvania, and Indiana), 12 broiler houses (in Kentucky, Pennsylvania, and North Carolina), and eight farrowing or finishing swine houses (in Iowa, Illinois, Minnesota, and Texas). One project monitors ammonia concentration and emission rates from the poultry houses (Iowa, Kentucky and Pennsylvania) for one full year using portable monitoring units Xin et al., 2002; Casey et al., 2003; Liang et al., 2003; Wheeler et al., 2003) . The other project monitors ammonia, hydrogen sulfide, dust and odor (Iowa, Illinois, Indiana, Minnesota, North Carolina, and Texas) for 15 months using mobile emission labs (Jacobson et al., 2003) . Despite no current enforcement of quantitative limits on ammonia or other gaseous emissions from AFOs, exploring economically feasible means to mitigate emissions of these pollutant gases and odors from AFOs remains a top priority among researchers and livestock producers in the United States. Lorimor et al. (2002) summarized strategies for emission reduction in various aspects of the operation that are being practiced by some American producers. The data on ammonia concentration and emission rates for laying hen houses have shown that houses with manure belts, where manure is removed daily, emit significantly less ammonia than the high-rise houses, where manure is stored in the house for about one year . Although the manure removed from the belt layer houses presents another source of emission, treating manure separately (i.e. without birds present) could be implemented more readily.
Reasons for Concern Over Ammonia

Human Health
Ammonia is a water-soluble irritant. As such it can be rapidly absorbed in the upper airways, thereby damaging the upper airway epithelia. At higher concentrations, a certain amount may bypass the upper airways, causing lower lung inflammation and pulmonary edema. Ammonia may also adhere to respirable particulates (< 5 µm in aerodynamic diameter) in animal housing that can reach alveoli and further adversely affect respiratory function. In addition to respiratory effects, ammonia can cause dermal and ocular irritation. Merchant et al. (2002) provided a comprehensive literature review of clinical, experimental, and epidemiological observations concerning human health effects of ammonia. For instance, exposure to 50-150 ppm ammonia can lead to severe cough and mucous production; whereas exposure to >150 ppm ammonia can cause scarring of the upper and lower airways (Close et al., 1980; Leduc et al. 1992 ) though these concentrations are rarely reached in practice. To protect the occupational health of workers, an exposure threshold limit value (TLV, based on 8-hr time weighted average) of 25 ppm ammonia has been recommended by the American Industrial Hygiene Association (AIHA), the American Conference of Governmental Industrial Hygienists (ACGIH), and the National Institute for Occupational Safety and Health (NIOSH). In comparison, the Occupational Safety and Health Administration (OSHA) sets 50 ppm as the permissible exposure limit (PEL) for ammonia. Similar maximum exposure limits (MEL's) or PEL's by these sources exist for other noxious gases (H 2 S, CO, CO 2 ) and particular matter. It should be noted that among the four resources aforementioned, OSHA is the only enforcement agency, whereas the other three only develop worker-exposure recommendations or standards .
Within the UK, statutory limits are set by the Health and Safety Commission to control employees' exposure to hazardous substances. The MEL is set for substances which may cause the most serious health effects while the Occupational Exposure Limit (OEL) is set at a level at which there is no indication of risk to worker health. For ammonia, an OEL is set at 25 ppm for an 8 h exposure and 35 ppm for a short term exposure over 15 min (Health and Safety Executive, 2002).
Animal Health and Productivity
Ammonia can affect an animal's health and productivity by several direct and indirect mechanisms. The effects depend upon the duration of exposure and concentration of ammonia, and the simultaneous presence of other aerial pollutants or environmental factors. Acute exposure can be considered to last several minutes up to a day, while periods of chronic exposure may be from several days to months.
An animal's behaviour during acute or chronic exposure to ammonia integrates a number of physiological mechanisms and indicates how the animal 'feels' about this noxious gas. An early study by Morrison et al. (1993) of the aversion of pigs and poultry to ammonia concluded that "the level of ammonia present in commercial buildings appears to be of no great consequence to the animal's perceived well-being". However, subsequent preference tests, summarised by , showed that weaner pigs, broiler chickens and adult laying hens were significantly averse to ammonia at concentrations of 20 ppm and higher (Table 3) . The duration and frequency of visits to ammoniated atmospheres declined with increasing ammonia concentration, although the avoidance of ammonia was delayed, which is surprising given the immediate irritation experienced by humans and perhaps suggests the development of a sense of malaise. The effects of ammonia upon livestock are thought to be manifest via respiratory diseases in that chronic exposure to ammonia may increase the incidence and severity of multi-factorial diseases such as enzootic pneumonia in pigs. Experimental evidence for this mechanism operating in atrophic rhinitis in pigs was provided by Hamilton et al. (1996; . This confirmed the epidemiological study of Robertson et al. (1990) that demonstrated a positive association between ammonia concentration in the farrowing house and severity of atrophic rhinitis in finishing pigs (as measured by snout score). However, doubt has been cast recently upon this role of ammonia by Andreasen et al. (1999; , who showed that exposure to ammonia at 50 ppm is unlikely to predispose growing pigs to pulmonary infection with the causative pathogen of atrophic rhinitis. Similarly, Done et al. (submitted) failed to find an effect of chronic exposure to ammonia up to 37 ppm on respiratory disease in weaned pigs. A similar controversy was reported by for poultry. Thus, despite the long-held belief that ammonia may exacerbate respiratory disease, the evidence is scanty at best for pigs and poultry and no clear guideline can be set.
Surprisingly, there are few studies of the effects of ammonia upon the productivity of housed livestock -though again there is much speculation that chronic exposure depresses performance. Gustin et al. (1994) showed that ammonia exposure over 6 days depressed growth at ammonia concentrations greater than 25 ppm. However, in what is possibly the largest experiment to date, Wathes et al. (submitted) did not find any effect on productivity of chronic exposure of weaned pigs over 5½ weeks to ammonia concentrations up to 37 ppm. Whether these effects apply to finishing pigs is not known. reviewed the available evidence for poultry and found a similar lack of consensus from the small number of authors who have studied the effects of ammonia upon bird productivity. What is clearly needed for housed livestock is an epidemiological study on farms that demonstrates once and for all whether ammonia exposure of livestock affects productivity, either in the presence or the absence of respiratory disease.
Environmental Impact
Ammonia is a significant threat to large areas of valuable habitats in Europe (and elsewhere) due to eutrophication and/or acidification. The source of ammonia is mainly livestock production, mostly from the breakdown of urea (excreted by mammals) or uric acid (excreted by poultry). Ammonia and ammonium compounds formed in the atmosphere, such as ammonium sulphate, are readily deposited to land via dry and wet deposition. However, ammonia is also transported over long distances and hence regularly exported to or imported from other countries. In the UK, the largest deposition rates are found in the North and West, because of the greater rainfall. In contrast the largest sources of ammonia are concentrated in the South and East of the country. Unfortunately, the semi-natural habitats most sensitive to ammonia emissions, such as heath, moorland and bogs, are also found in the North and West of the UK. The deposition of ammonium-N there is typically above the critical load of nitrogen, i.e. above the level where significant harmful effects on specific elements of the environment do not occur.
Existing Guidelines and Limits
Existing guidelines and limits on ammonia concentration and emissions aim to protect either human and animal health or the countryside. The evidence reviewed above shows no differences between the USA and UK in terms of occupational exposure limits for ammonia concentration in livestock buildings. As has been suggested previously by Donham et al. (2002) , these statutory limits are set too high because under the specific circumstances of intensive livestock production, a substantial proportion of pig and poultry farmers suffer occupational respiratory disease. Donham et al. (2002) , has therefore proposed that the guideline for ammonia concentration in swine buildings should be lowered to 7 ppm for humans and 11 ppm for animals. This may be achieved by improvements to building design and husbandry by raising the ventilation rate, which does not alter the emission rate per se since the concentration within the building will be lowered pro rata. The lower exposure levels for humans further warrant the use of protective masks when working in ammonia or other gases and particulates-laden environments.
The evidence that chronic exposure to ammonia affects animal health and productivity is equivocal and further research is required to establish a guideline. In the UK, the government guideline to protect the welfare of poultry is a maximum ammonia concentration of 20 ppm at animal height (Defra 2002a) , which is identical to the limit suggested by CIGR (1992) . The atmospheric preferences of pigs and domestic fowl are known and suggest that concentrations of ammonia of 10 ppm and lower are preferred. Pending further research on health and adopting the precautionary principle, then 10 ppm is recommended as the guideline concentration for pig and poultry buildings since this will promote animal welfare. This guideline also fits with that proposed for human health, thereby protecting both interests.
As ammonia deposition is an international problem due to atmospheric transport processes, the European Union has taken a number of steps to reduce ammonia emissions. These are represented in the UNECE Gothenburg Protocol (1999), the EC National Emission Ceilings Directive (2001) and the EC Integrated Pollution, Prevention and Control Directive (IPPC, 1996) . The national ceilings set for VOC's NO x , SO 2 and ammonia by the Gothenburg protocol and reinforced by the National Ceilings Directive for ammonia have to be met by 2010 (Table 4) . Parallel to the EU NEC's proposal, the EU Member States together with Central and Eastern Europe countries, the United States and Canada have negotiated a new "multi-pollutant" protocol under the Convention on Long-Range Transboundary Air Pollution, the so-called Gothenburg protocol, which was agreed in November 1999. The emission ceilings in the protocol are less ambitious than those proposed by the Commission. Additional measures specified by the IPPC directive for a number of atmospheric pollutants, of which ammonia is one, apply to larger units in the pig and poultry sector only and have to be implemented by 2007. In the United States, to protect the general public from adverse health effect of ammonia, the Agency for Toxic Substances and Disease Registry (ATSDR, Atlanta, Georgia, USA), an agency of the U.S. Department of Health and Human Services, has derived the following Minimum Risk Levels (MRL) for ammonia: 1.7 ppm for acute exposure of 1-14 days and 0.3 ppm for chronic exposure of 365 days and longer (http://atsdr1.atsdr.cdc.gov/toxprofiles/tp126-c2.pdf). No MRL for intermediate exposure has been derived yet because of insufficient data. It should be noted that these MRL values are based on continuous exposure of the general public that includes sensitive population such as infants, the elderly and those with pre-existing conditions. In comparison, the U.S. Environmental Protection Agency (EPA) sets 141 ppb ammonia as the reference concentration that is derived from no-observed-adverse-effect-level (NOAEL), lowest -observedadverse-effect-level (LOAEL), or benchmark concentration with uncertainty factors (UF) applied to reflect limitation of data used. The NOAEL for ammonia is 2.3 mg/m 3 and an UF of 30 is used in the determination of the reference concentration (Merchant et al., 2002) . As for emissions, the US EPA has the reportable quantity of 45.4 kg daily ammonia release from a facility (Title 40 of Code of Federal Regulations, Table 302 .4, http//www.access.gpo.gov/cgi-bin/cfrassemble.cgi?title =200240). The American states may set their own ambient air quality standards for ammonia, hydrogen sulfide and odors. For example, the Minnesota Department of Health has a draft ammonia standard of 3,200 µg/m 3 for acute exposure and 115 ppb for chronic exposure. The Colorado Department of Public Health and Environment has an odor standard of 7 to 1 dilution ratio at the AFO property line. A more compete review of various state legislations can be found in Osterberg and Melvin (2002) . The joint air quality study recently conducted by Iowa State University and the University of Iowa (2002) recommended the following exposure standards for ammonia: 150 ppb at the residence and 500 ppb at the property line for a one-hour average; no more than seven exceedences would be allowed per calendar year (with notice to the residents and the Iowa Department of Natural Resources).
Conclusions
A review of the scientific evidence suggests that existing guidelines and limits for ammonia concentration in livestock buildings are probably too high and a guideline concentration of 10 ppm ammonia should be considered. In the UK national ceilings for ammonia emissions are in place and are based on business as usual scenario, there appears to be no need to set a quantitative limit on ammonia emissions from individual livestock farms. However, new intensive units should not be located adjacent to nitrogen-sensitive ecosystems. In the USA, guidelines have been established for the ammonia concentration at the property line though similar values have not been prescribed in the UK.
